The prognosis of cancer disease is worsened upon shedding of tumor cells from the primary tumor, which escape to the blood stream and form metastases at distant sites within the body.
Introduction
Tumor metastasis is a multistep process by which a subset or individual cancer cells disseminate from a primary tumor to distant secondary organs or tissues. The process of metastasis follows a distinct sequence of events which are not yet known in detail. For a tumor cell to evade from the primary tumor and form a metastase at a distinct site within the body, numerous interactions with the extracellular matrix (ECM), growth factors and cytokines associated with the ECM, basement membranes, endothelial cell lining of the vasculature, blood cells in the circulation, and the microenvironment at the secondary site are required [1] . A primordial role in tumor metastasis has been attributed to MMPs which display altered expression in different human cancers. Generally, elevated expression of MMPs in primary tumors and/or metastases is associated with cancer progression, poor prognosis and shorter survival times. Especially, high serum levels of MMP-9 are found in melanoma patients displaying secondary metastasis. Plasma concentration and activity of MMP-2 and -9 have been recently shown to be elevated in patients with breast disease, breast cancer and at risk of developing breast cancer [2] . In an experimental model for spontaneous metastasis of rat mammary carcinoma, serum and plasma levels of MMP-9 were associated with the development of metastases in the lung and lymph nodes [3] . Conversely treatment of cancer patients as well as laboratory animals with MMP inhibitors have been demonstrated to reduce cancer metastasis in numerous studies.
The mechanisms by which cancer cells escape from the primary tumor are currently not well known due to limited technical possibilities to visualize and experimentally modulate this process. MMPs are presumably critically involved in degradation of intra-tumorous basement membranes, thereby loosening cell-cell contacts which facilitates migration and intravasation of tumor cells into the blood or lymphatic vasculature. The entrance of a primary tumor into the metastatic state may be regulated by ROS which are robustly generated in rapidly growing tumor cells [4] and are involved in tumor cell cycle regulation [5, 6] . ROS are likewise involved in the regulation of MMP expression. This is especially important in malignant breast cancer, where estrogen metabolism is altered, favoring the accumulation of hydroxyestradiols, which can generate free radicals. These reactive species can activate matrix metalloproteinases (MMPs), which in turn can hydrolyze the proteins of the extracellular matrix (ECM) that act as a barrier to tumor cell passage [7] . Consequently, downregulation of several MMPs was observed upon overexpression of gammaglutamylcysteine synthetase (gamma-GCSh) cDNA which encodes a rate-limiting enzyme in the biosynthesis of glutathione (GSH), a major physiological redox regulator [8] , and antioxidant treatment of mammary tumor-bearing mice suppressed tumor growth and inhibited MMP activity [9] .
The present study was undertaken to evaluate the potency of flavonoids baicalein, epicatechin, epigallocatechin, polyphenon 60 and resveratrol to inhibit cell shedding from multicellular mammary tumor spheroids and and tumor cell invasion into confrontation cultures of tumor spheroids and vascularized tissues derived from ES cells. Flavonoids are a family of polyphenolic compounds found ubiquitously in fruits and vegetables as well as in food products and beverages derived from plants [10] . Resveratrol, a natural polyphenolic phytoalexin found in seeds, grapes (Vitis vinifera) and in some medicinal plants is a potent dietary antioxidant which plays an important role in protecting against pathological events of oxidative diseases, such as cardiovascular diseases and cancer [11] [12] [13] .
Confrontation cultures of tumor spheroids with ES cells are ideally suited for studies of tumor-induced angiogenesis and tumor cell intravasation and have been previously utilized by us to investigate the anti-angiogenic effects of plant ingredients used in traditional chinese medicine [14] . It is shown that growing 4T1 tumor spheroids upregulate MMP-9 expression and shed highly ROS-generating tumor cells from their surface. Spheroid growth, tumor cell intravasation and migration is abolished in the presence of polyphenols presumably due to their capacity to act as anti-oxidants.
Materials and Methods

Materials
Baicalein, resveratrol, epicatechin, epigallocatechin and polyphenon 60 were provided by Sigma (Taufkirchen, Germany) and used in concentrations of 1, 10 and 100 µM. NS-398 was observed from Calbiochem (Bad Soden, Germany). Stock solutions were prepared from DMSO solutions of the substances. The final concentration of DMSO in cell culture media did not exceed 0.1 %. The MMP-2 / MMP-9 inhibitor V ((4-(4-(Methanesulfonamido)phenoxy)phenylsulfonyl)methylthiirane (SB-3CT)) was obtained from Calbiochem and used in a final concentration of 1 µM.
Evaluation of tumor spheroid growth
Diameters were determined from tumor spheroids which remained untreated or were treated with polyphenols as described above. The growth of tumor spheroids was evaluated every 24 h with a standard microscope. Approximately 200 spheroids were used in each experiment.
ES cell culture
The ES cell line CGR8 was cultured in feeder-free cell culture on gelatine-coated cell culture dishes in Iscove's medium (Biochrom, Berlin, Germany). Medium was supplemented with 20% heat-inactivated FCS (Sigma,Taufkirchen, Germany), 2 mM glutamine (Biochrom), 100 µM ß-mercaptoethanol (Sigma), 1% nonessential amino acids stock solution (Biochrom), LIF 10 3 units/ml (Chemicon, Hampshire, UK), 100 U/ml penicillin and 100 µg/ml streptomycin (both Biochrom) in a humidified environment containing 5% CO 2 at 37° C and passaged every 2 to 3 days. At day 0 of differentiation, adherent cells were enzymatically dissociated using 0.2% trypsin and 0.05% EDTA in PBS (Gibco) and seeded at a density of 1⋅10 7 cells/ml in siliconized spinner flasks (Integra Biosciences, Fernwald, Germany) containing 100 ml of Iscove's medium supplemented with the same additives as described above without LIF supplement. After 24 h, 150 ml of medium was added to give a final volume of 250 ml. The spinner flask medium was stirred at 20-22.5 rpm using a stirrer system (Integra Biosciences), and 150 ml of cell culture medium was exchanged every day.
Spinner-Culture Technique for Cultivation of multicellular tumor spheroids
The mouse mammary tumor cell line 4T1 was used throughout the study. The cell line was grown routinely in 5% CO 2 /humidified air at 37° C with Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with 10% FCS (Gibco), 2 mM glutamine (Biochrom), 100 µM ß-mercaptoethanol (Sigma), 2 mM nonessential amino acids stock solution (Biochrom), 100 Units/ml penicillin and 100 µg/ml streptomycin (both Biochrom).
Spheroids were grown from single cells. Cell monolayers were dissociated enzymatically with 0.2% trypsin/0.05% EDTA (Gibco) and seeded in 250 ml spinner flasks as described previously [15] . For the experiments, tumor spheroids with mean diameters of approximately 350-450 µm were used.
Generation of confrontation cultures
For the generation of confrontation cultures, multicellular tumor spheroids and embryoid bodies were removed from spinner flasks. One embryoid body (5 to 6 days old) and one tumor spheroid (4-5 days old) were inoculated to a 40 µl drop of mixed culture medium (50% spheroid medium, 50 % embryoid body medium) placed onto the lid of a 10 cm Petri culture dish. After adding 20 to 30 drops to the lid of the Petri dish, the lid was turned around and placed on the Petri dish, which was filled with 10 ml of sterile PBS. Within 48 h, embryoid bodies and tumor spheroids closely attached within the hanging drops and were then subsequently used for incubation experiments with the polyphenolic agents.
Confocal Laser Scanning Microscopy
Fluorescence recordings were performed by means of a confocal laser scanning setup (LSM 510, Carl Zeiss, Jena, Germany) connected to an inverted microscope (Axiovert 200M, Zeiss). The confocal setup was equipped with a 5mW helium/neon laser, with single excitation of 633 nm (excitation of Cy5), a 0.5 mW helium/neon laser, with single excitation of 543 nm (excitation of Cy3), and an argon laser, with single excitation of 488 nm. Emission was recorded using the longpass filter sets LP570, RG665, and LP515, respectively. A 5x or 10x numerical aperture objective was used.
Long-Term Labelling of Multicellular Tumor Spheroids
To discriminate tumor spheroids grown in confrontation culture from embryoid bodies, tumor spheroids were labelled with the long-term cell tracker dye 5-chloromethylfluorescein diacetate (CMFDA) (Molecular Probes, Eugene, OR). In brief, tumor spheroids were incubated for 1 h in DMEM that contained 10 µM CMFDA (stock solution 10 mM, dissolved in DMSO). Spheroids were then washed and incubated for further 24 hours in bacteriological Petri dishes. Subsequently, the labelled tumor spheroids were used in co-culture experiments.
Stable CMF fluorescence was observed for more than 5 days of tumor spheroid culture [16] .
Fluorescence excitation was performed by the 488 nm line of an argon-ion laser of the confocal setup. Emission was recorded using a long pass LP515-nm filter set.
Determination of intracellular ROS levels
Intracellular ROS levels were measured using the fluorescence dye 2 ,7 -dichlorodihydrofluorescein diacetate (H 2 DCFDA) (Molecular Probes, Eugene, OR USA), which is a nonpolar compound that is converted into a non-fluorescent polar derivative 
Dead cell staining of multicellular tumor spheroids
To assess the cytotoxicity of polyphenols, dead cell staining was performed by the use of the dead cell stain Sytox®green (Molecular Probes, Eugene, OR). In brief, tumor spheroids treated with polyphenols were incubated for 30 min in 10 ml cell culture medium containing 0.5 µM Sytox®green, which is cell membrane impermeable and intensively stains the cell nuclei of dead cells with compromised cell membranes after intercalation into DNA.
Sytox®green fluorescence was excited by an argon-ion laser of the confocal setup. Emission was recorded using a 515-nm long pass filter set.
Calculation of surface roughness
Cells shedding from the surface of multicellular tumor spheroids increases surface roughness to higher values. The surface roughness parameter was determined by division of the diameter of the tumor spheroid through the circumference of the tumor spheroid. A perfectly even surface would result in a surface parameter =1. Rough surfaces arising from cell shedding accordingly result in higher values.
Immunohistochemistry for flow cytometry
Immunohistochemistry was performed with disaggregated tumor spheroids (trypsin/EDTA treatment for 20 min at 37°C). The Intrastain® Kit (Dako Cytomation, Dako, Hamburg, Germany) was used according to the protocols supplied by the manufacturer. As primary antibodies the polyclonal anti-mouse Ki-67 (Abcam, Cambrigde, UK) (dilution 1:50) was used. Incubation with primary antibody was performed for 30 min at room temperature. As secondary antibody an Cy3-conjugated goat anti-rabbit IgG (Dianova, Hamburg, Germany) was used. An incubation at room temperature for 30 minutes in the dark followed. FACS analysis was performed by the use of a FC 500 Flow Cytometer (Beckman Coulter, Krefeld, Germany).
Isolation of RNA
All isolation steps were performed at room temperature. A 100 µl cell pellet of multicellular tumor spheroids was transferred to 2ml tubes and centrifuged at 80 g for 2 min. After removal of the supernatant 1000 µl Trizol (Invitrogen) was added and the pellet was homogenized. 
Statistical analysis
Student´s t test for unpaired data was applied as appropriate. A value of P < 0.05 was considered significant.
Results
Tumor cell shedding and formation of subspheroids from multicellular 4T1 mammary breast cancer cells
The present study was undertaken to investigate mechanisms of metastasis in multicellular tumor spheroids grown from 4T1 mouse mammary cancer cells. 4T1 cells resemble in their growth characteristics and invasiveness to that of stage IV breast cancer cells in humans. Cell shedding from tumor spheroids has been previously attributed to metastatic potential [17] .
Primary tumors from 4T1 metastasize as early as 2 weeks after inoculation to lungs, liver, bone and brain [18] . To correlate the occurrence of the metastatic state of 4T1 tumor spheroids with spheroid size, tumor spheroid diameters were monitored over cell culture time.
During the first 7 days in cell culture tumor spheroids displayed an exponential growth characteristics which subsequently passed over into a growth plateau. With the onset of the plateau phase of tumor spheroid growth the roughness of the tumor spheroid surface increased and single cells shedded into the cell culture medium and formed subspheroids (see Fig. 1 ).
Gaussian distribution of 4T1 spheroid diameters at different time of cell culture indicated an appearance of small sub-spheroids from day 8 on which resulted in a two-peaked histogram of mother spheroids and subspheroids during prolonged cell culture (Fig. 2) .
Generation of reactive oxygen species in 4T1 tumor spheroids
The metastatic switch of tumors may be related to the redox state of specific tumor cell subsets. We therefore investigated intracellular ROS levels at different times of cell culture in mother spheroids, detaching cells at the periphery of the mother spheroids and in free subspheroids after detachment from the mother spheroid (Fig. 3A , n = …). It was observed that intracellular ROS levels did not change in mother spheroids during the time course of cell culture. Conversely, significantly elevated ROS levels were observed in detaching cells and subspheroids, suggesting that cell shedding is related to increased ROS generation in cells at the periphery of large 4T1 multicellular tumor spheroids. To investigate the source of ROS generated in 4T1 tumor spheroids (day 8-9 of cell culture), the tissues were preincubated for … min with the NADPH oxidase inhibitors DPI (25 µM) and apocynin (10 µM) as well as with the cyclooxygenase-2 (COX-2) inhibitor NS-398 (25 µM) (Fig.3B , n = 4). Preincubation with NADPH oxidase inhibitors resulted in a significant decrease in DCF fluorescence, whereas no effect was observed with the NS-398, which indicates that ROS generation in 4T1 multicellular tumor spheroids is mainly mediated via NADPH oxidase activity.
Expression of MMPs during the growth of 4T1 multicellular tumor spheroids
MMPs have been attributed to play a major role in tumor metastasis [19] . Among the different MMPs, MMP-2 and MMP-9 are of primordial significance for the onset of the metastatic cascade and tumor-induced angiogenesis. To investigate the involvement of MMP-2 and MMP-9 in cell shedding of 4T1 multicellular tumor spheroids, gene expression studies were performed (Fig. 4 , n = …). A continuous increase in MMP-9 expression occurred with increasing culture time of 4T1 multicellular tumor spheroids (see Fig. 4 ), whereas no change in MMP-2 expression was observed (data not shown), which indicates that MMP-9 may be responsible for the process of cell shedding from multicellular tumor spheroids.
Effect of polyphenol treatment on cell proliferation in 4T1 multicellular tumor spheroids
Polyphenols have been demonstrated to interfere with the progression of cancer either by exerting direct anti-proliferative effects on tumor cells and/or by interfering with the metastatic cascade [20] . In the present study the anti-proliferative effects of baicalein (1, 10, 100 µM), resveratrol (1, 10, 100 µM), polyphenon 60 (10 µM), epicatechin (10 µM) and epigallocatechin (10 µM) was investigated. All applied polyphenols inhibited tumor spheroid growth, when applied during 5 days of tumor spheroid culture (day 5-day 10) (Fig. 5A ; n = 3). None of the substances exerted direct toxic effects as evaluated by Sytox green dead cell staining (data not shown). However, when the expression of the proliferation marker Ki-67
was assessed by FACS analysis, it was apparent that treatment of 4T1 multicellular tumor spheroids significantly decreased the number of Ki-67 positive cells from 45 + 1.34% in the untreated control to 11 + 9.05 % when tumor spheroids were treated with 100 µM baicalein and 8.2 + 1.33 % when spheroids were treated with 100 µM resveratrol ( Fig. 5B ; n = 3).
Effect of polyphenol treatment on cell shedding from 4T1 multicellular tumor spheroids
Escape from the primary tumor is a prerequisite for the process of metastasis. Hence, the inhibition of cell shedding from the tumor could be clinically exploited to inhibit the incidence of metastatic cancer. In the present study the effects of polyphenols on cell Besides decreasing cell shedding from tumor spheroids and increased tendency of tumor spheroids to agglomerate was observed (see Fig. 6 , n = 3), which suggests that polyphenols increase cell adhesiveness, thereby inhibiting cell escape from the primary tumor spheroid.
Effects of polyphenols on ROS generation in 4T1 multicellular tumor spheroids.
According to the working hypothesis of the present study, cell shedding and escape from the primary tumor spheroid is mediated by increased MMP-9 expression which could be regulated by ROS generated within peripheral cell layers and shedding cells. Consequently, it should be hypothesized that treatment with polyphenols inhibited ROS generation due to their properties to act as antioxidants. To verify this assumption tumor spheroids were loaded with the redox-sensitive dye H 2 DCFDA and ROS generation was assessed either in the absence or presence of either 10 µM epicatechin, 10 µM baicalein, 10 µM resveratrol, or 10 µM polyphenon 60 (Fig. 7, n =3 ). It was apparent that all applied substances significantly inhibited ROS generation, suggesting that they are acting as antioxidants.
Effects of polyphenols on the expression of MMP-9
MMP-9 expression has been previously shown to be regulated by ROS [21] . Consequently, it should be expected that down regulation of MMP-9 expression can be achieved by pretreatment with polyphenols. To investigate this issue 4T1 tumor spheroids were treated for 5 days with either 10 µM epicatechin, 10 µM baicalein, 10 µM resveratrol, or 10 µM polyphenon 60 and mRNA expression of MMP-9 was monitored (Fig. 8, n = 3 ). As expected pretreatment with polyphenols resulted in significant down regulation of MMP-9 mRNA expression, which explains the inhibitory effect of polyphenols on cell shedding from tumor spheroids.
Inhibition of cell invasion in confrontation cultures by polyphenols
To exert metastatic potential, tumor cells have to own migration and invasion properties.
Inhibition of cell migration should therefore abolish metastasis formation. To investigate cell migration and invasion we made use of confrontation cultures of tissues derived from ES cells 
Discussion
Metastasis is the primary cause of mortality associated with cancer. Molecular mechanisms leading to metastatic spread are poorly studied. To get a better understanding of this process, we examined cell shedding and invasiveness of 4T1 breast cancer cells using multicellular tumor spheroids and confrontation cultures consisting of multicellular tumor spheroids and ES cell-derived embryoid bodies. The cell line 4T1 is known to be highly metastatic and invasive [22] , and is therefore ideally suited to investigate the metastatic cascade 4T1 tumor spheroids during prolonged cell culture and size, whereas no change in the expression of MMP-2 was observed. MMP-9 expression has been previously shown to be regulated by ROS [23] . It was therefore hypothesized that cell shedding was mediated by MMP-9 activity, thereby degrading the extracellular matrix and allowing cells to escape from the tumor spheroid. Since MMP-9 expression is regulated by ROS, it should be assumed that cell shedding is inhibited upon preincubation with free radicals, i.e. by administration polyphenols, which have previously reported to act as potent anti-oxidants [24] . In addition or associated with their anti-oxidant properties, green tea polyphenols have been shown to exert cancer chemopreventive and therapeutic potential against various cancer sites in animal tumor bioassay systems and in some human epidemiologic studies [25, 26] . The mechanisms of cancer prevention by polyphenols remain, however, controversial. Previous study have demonstrated that resveratrol inhibits cell cycle progression at different stages [27, 28] , which has been likewise reported upon treatment of cancer cells with flavonoids [29, 30] . In the present study it was shown that polyphenols significantly down regulated the expression of the proliferation marker Ki-67, thereby inhibiting tumor growth. However, no overall toxicity was observed as evaluated by dead cell staining. This suggests that cells are entering a quiescent state and suggests that inhibition of tumor growth with polyphenols in patients would require a lifelong treatment with the compounds. Although it is generally accepted that polyphenols exert anti-cancer effects at least partially by inhibiting tumor cell invasiveness, the molecular mechanisms underlying these effects remain to be elaborated. The data of the present study demonstrate that incubation with polyphenols down regulated the expression of MMP-9 and consequently inhibited cell shedding from the surface of tumor spheroids.
Incubation with polyphenols as well as with the synthetic MMP-9 inhibitor SB-3CT resulted in smoothing of the tumor spheroid surface and increased the tendency for cell aggregation which likely hinders cell escape from the multicellular tissue. Since SB-3CT exerted comparable effects, we concluded that cell shedding was indeed mediated by MMP-9 activity.
Besides the escape from the primary tumor, metastasis is accompanied by increased tissue invasiveness and infiltration of tumor cells. To investigate this issue we used the confrontation culture model consisting of multicellular tumor spheroids and embryoid bodies previously applied by us to study tumor-induced angiogenesis [31, 32] . It was clearly shown that in control confrontation culture tumor cells rapidly invaded the embryoid body tissue which was significantly inhibited in the presence of polyphenols.
In summary the data of the present study demonstrate that polyphenols occurring 
